The 2-5-oligoadenylate synthetase (OAS) family of enzymes sense cytosolic dsRNA, a potent signal of viral infection. In response to dsRNA binding, OAS proteins synthesize the second messenger 2-5-linked oligoadenylate that activates the latent ribonuclease L (RNase L). RNase L-mediated degradation of viral and cellular RNAs effectively halts viral replication and further stimulates innate immune responses by inducing type I interferon. The OAS/RNase L pathway is therefore central in innate immune recognition and promotion of antiviral host responses. However, the potential for specific RNA sequences or structures to drive OAS1 activation and the molecular mechanisms by which they act are not currently fully understood. Moreover, the cellular regulators of OAS activity are not well defined. Here, we demonstrate that the human cellular noncoding RNA 886 (nc886) activates OAS1 both in vitro and in human A549 cells. We show that a unique structure present only in one of the two structural conformers adopted by nc886 drives potent OAS1 activation. In contrast, the conformer lacking this unique structure activated OAS1 only very weakly. We also found that formation of this OAS1-activating structural motif depends on the nucleotides in the apical-most loop of nc886 and the adjacent helix. These findings identify a cellular RNA capable of activating the OAS/RNase L pathway in human cells and illustrate the importance of structural elements, and their context, in potentiating OAS1 activity.
The innate immune response serves as a critical first line of defense against pathogens, comprising membrane-bound and cytosolic pattern recognition receptors (PRRs) 2 that detect bac-terial or viral pathogen-associated molecular patterns (1, 2) . Accumulation of double-stranded RNA (dsRNA) in the cell cytoplasm is a potent signal of viral infection and is detected by PRRs, including Toll-like receptors 3, 7, and 8; dsRNA-activated protein kinase (PKR); and the retinoic acid-inducible gene I (RIG-I)-like and 2Ј-5Ј-oligoadenylate synthetase (OAS) families of enzymes (3, 4) .
OAS enzymes are activated by dsRNA binding and initiate signaling cascades to halt viral replication and establish an antiviral state in the cell. The OAS family includes three catalytically active, 2Ј-specific nucleotidyltransferases, OAS1/2/3, whose antiviral action is mediated by the latent ribonuclease L (RNase L) (5) . Additionally, a catalytically inactive form, OASL, acts in the RIG-I pathway (6) . The OAS1/2/3 proteins differ in their number of copies of the OAS domain, although only one copy is catalytically active in each protein (7) . In OAS1, binding of short dsRNA (Ն17 bp) drives a conformational change that organizes the enzyme-active site, resulting in synthesis of the 2Ј-5Ј-linked oligoadenylate (2-5A) second messenger that in turn activates RNase L (8 -10) . In OAS3, the catalytically inactive N-terminal OAS domain serves as a dsRNA-binding module, whereas its third C-terminal OAS domain carries out 2-5A synthesis. This domain organization makes OAS3 selective for longer dsRNAs (Ն50 bp) (11) . The immediate consequence of OAS/RNase L pathway activation is the degradation of viral and cellular messenger RNA (mRNA) and ribosomal RNA (rRNA) to halt protein synthesis and thus prevent viral replication (12) (13) (14) (15) (16) . More recent evidence also suggests that OAS/RNase L-mediated translational arrest arises, in part, via specific cleavage of cellular tRNAs (tRNA) and Y RNAs (17) .
Precisely how PRRs distinguish "self" from "nonself" and how basal activity of constitutively expressed PRRs is regulated in the absence of infection are important areas of current investigation. PKR, for example, is well established as a critical sensor of dsRNA during viral infection and as a mediator of other important cellular processes (18 -22) . Recent evidence suggests that basal PKR activity is suppressed by the ubiquitously expressed 101-nucleotide cellular noncoding RNA 886 (nc886; Fig. 1A ) to prevent spurious activation in the uninfected cell while allowing rapid detection of foreign dsRNA when required (23) (24) (25) .
Our previous work has demonstrated that nc886 RNA adopts two structurally distinct conformers, distinguished by their apical stem-loop structures, that possess opposing activi-ties in the regulation of PKR (26) . We also previously reported that the mixture of nc886 conformers appeared to strongly activate OAS1 and that this activity was only modestly reduced by deletion of the 3Ј-single-stranded pyrimidine (3Ј-ssPy) motif that more significantly potentiates activity by viral noncoding RNAs (27) . Here, we show that the two nc886 conformers exhibit profound differences in their capacity to activate the OAS/RNase L pathway: one nc886 conformer is a potent activator of OAS1 in vitro and in human A549 cells whereas the other conformer activates OAS1 only very weakly. We further show that potent activation depends on the nc886 apical stemloop structure, highlighting the critical importance of RNA structural features, and their context, in potentiating OAS activity.
Results

OAS1 is potently activated by a single nc886 conformer
nc886 RNA was previously shown to adopt two stable, structurally distinct conformers (26) . To dissect the activity of each conformer on OAS1, we purified the individual nc886 conformers by native PAGE. An established in vitro OAS1 activation assay (27, 28) was then used to measure PP i production, the by-product of 2-5A synthesis, in the presence of each nc886 conformer. nc886 conformer 1 strongly activates OAS1 ( Fig. 1B) , with a level of activity comparable with that measured for poly(rI⅐rC) under our previously established conditions. Poly(rI⅐rC) is a synthetic dsRNA that acts as a potent trigger of 2-5A synthesis via activation of OAS/ Figure 1. Two nc886 conformers have starkly different abilities to activate OAS1 in vitro. A, nc886 secondary structure and domain organization. The region of predicted tertiary structure present only in conformer 1 is highlighted by gray shading. B, reaction progress curves from an in vitro chromogenic assay of OAS1 activity performed under previously established conditions (27) . nc886 conformer 1 (black line) potently activates OAS1, near the levels of activation for the synthetic dsRNA poly(rI⅐rC) (red line), whereas conformer 2 (dashed black line) only weakly activates OAS1. The lower panel (Zoom) shows a rescaled plot of the same data to highlight the reaction curves for nc886 conformer 2, the background control lacking RNA (dashed gray line), and two unrelated RNAs as control: yeast tRNA (teal line) and HIV TAR (navy line). Data are normalized to nc886 conformer 1. C, example plot of time-course assays with different RNA concentrations to determine initial rates of PP i production. nc886 conformer 1 time-course assay at each RNA concentration is shown by dotted lines. Data were fit using linear regression analysis on the first 10 -20 min of the reaction to obtain the initial rate (slope of the line) used in kinetic analysis. D, kinetic analyses of OAS1 activation over a range of nc886 RNA concentrations. Data were fit using nonlinear regression analysis to obtain the kinetic parameters V max and K app as described in the text. E, rescaled plot of initial rates of PP i production determined from time-course assays plotted versus RNA concentration shown to highlight the data for the weakly activating nc886 conformer 2.
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RNase L in vitro and in cells (29) . In stark contrast, nc886 conformer 2 has dramatically attenuated capacity to activate OAS1. However, the low level of OAS1 activation by nc886 conformer 2 is nonetheless comparable with that of some structured viral noncoding RNAs, such as adenovirus VA RNA I and Epstein-Barr virus EBER-1 (27) , and greater than two unrelated control RNAs, yeast tRNA or HIV TAR RNA, not expected to activate OAS1 (Fig. 1B) .
We further probed the ability of each nc886 RNA conformer to promote OAS1 activation using an in vitro OAS1 kinetic analysis of 2-5A synthesis performed over a range of RNA concentrations ( Fig. 1 , C-E). Initial rates determined from these analyses were used to obtain the kinetic parameters for the apparent RNA dissociation constant (K app ) and maximum reaction velocity (V max ) as measures of RNA-OAS1 binding and OAS1 catalytic activity, respectively, for each nc886 RNA conformer. nc886 conformer 1 exhibits a K app in the nanomolar range (224 Ϯ 29 nM), whereas that of nc886 conformer 2 was too weak to be determined accurately (Ͼ ϳ10 M), resulting in a Ͼ50-fold difference between the two nc886 conformers. The OAS1 V max measured for nc886 conformer 1 was 11.2 Ϯ 0.6 nmol PP i /min, whereas the data for nc886 conformer 2 could not be reliably fit. Thus, the structural differences in the two conformers dramatically affect the extent of OAS1 activation through effects on both the RNA-OAS1 interaction and OAS1 catalysis, with the most significant impact being on apparent RNA affinity.
nc886 conformer 1 activates the OAS/RNase L pathway in human A549 cells
We next assessed the ability of each nc886 conformer to activate the OAS/RNase L pathway in human A549 cells, which basally express OAS1 and OAS3 (30) . A549 cells were transfected with nc886 conformer 1, nc886 conformer 2, or a truncated version of adenoviral VA RNA I (TS⌬21), an RNA of comparable size (99 nts) to nc886 that was previously shown to very weakly activate OAS1 (31) (32) (33) . Native PAGE analysis was used to confirm the conformational homogeneity of each nc886 RNA immediately prior to transfection ( Fig. 2A) . At 3 h posttransfection, cells were lysed, and total RNA was analyzed by agarose gel electrophoresis to monitor rRNA cleavage by RNase L (Fig. 2B ). Transfection with nc886 conformer 1 resulted in significant rRNA degradation, comparable with poly(rI⅐rC) dsRNA and consistent with strong activation of the OAS/ RNase L pathway. In contrast, nc886 conformer 2 showed no detectable rRNA degradation, with rRNA integrity remaining identical to untransfected and mock-transfected controls. Finally, consistent with its known weak activity in vitro (33) , transfection with VA RNA I (TS⌬21) resulted in a small amount of rRNA cleavage. These results thus mirror the relative capacity of each nc886 conformer to activate OAS1 in our in vitro assay ( Fig. 1B) . Furthermore, nc886-mediated rRNA cleavage activity is completely absent in A549 cells lacking RNase L (RNASEL KO), confirming that the observed rRNA cleavage results exclusively from activation of the OAS/RNase L pathway by nc886 conformer 1 (Fig. 2C ).
nc886 terminal stem is dispensable for activation of OAS1
To dissect the contributions of different regions of the RNA to OAS1 activation, four nc886 variants were created ( Fig. 3A) with truncations of the terminal stem (⌬TS, deletion of nts 1-12 and 88 -101; ⌬TS2, deletion of nts 1-18 and 82-101), the terminal stem and the central stem (⌬CS, deletion of nts 1-28 and 70 -101), or the apical stem-loop (⌬AS, deletion of nts 37-63). As reported previously (26) , the ⌬AS variant adopts a single conformer, whereas the terminal and central stem variants (⌬TS, ⌬TS2, and ⌬CS) retain the ability to form two conformers ( Fig. 3A) . These observations are consistent with conserved terminal and central stem structures between the two WT nc886 conformers and a unique tertiary structure, present in the apical stem-loop of only conformer 1, as the origin of the structural differences between the nc886 conformers (26) .
We tested the ability of each nc886 variant, and each individual RNA conformer where applicable, to activate OAS1 in vitro at a single fixed RNA concentration. These experiments were performed under the same conditions and protein/RNA concentrations as used for WT nc886 (Fig. 1B) and are shown as both reaction progress curves and initial rates of reaction ( Fig.  3 , B and C, respectively). nc886⌬AS fails to activate OAS1, with the level of 2-5A synthesis comparable with the control reaction with no RNA. This result indicates that the structure formed by the apical stem-loop of nc886 is essential for activation of OAS1. In contrast, conformer 1 of both the ⌬TS and ⌬TS2 variants retains near WT activity suggesting that in the context of conformer 1, the terminal stem is largely dispensable . rRNA degradation, based on 28S and 18S rRNA integrity, is only induced by treatment with nc886 conformer 1 and poly(rI⅐rC). A representative gel is shown for one of three independent replicates, which showed essentially identical results. C, analysis of total cellular RNA extracted from A549 cells lacking RNase L treated as in B, demonstrating that rRNA degradation observed with nc886 conformer 1 and poly(rI⅐rC) treatment is specifically dependent on activation of the OAS/RNase L pathway.
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for OAS1 activation. However, the larger truncation of ⌬CS results in a conformer 1 variant with dramatically reduced ability to activate OAS1 (Fig. 3 , B and C). Finally, similar to the ⌬AS variant, and in contrast to the weakly activating WT nc886 conformer 2, conformer 2 of each terminal or central stem deletion variant completely fails to activate OAS1 (Fig. 3, B and C) . Collectively, these data reveal that deletion of the nc886 terminal stem fully ablates OAS1 activation in the context of conformer 2 but has only a very minor impact on the activity of conformer 1 RNAs. Critically, only the largest deletion (⌬CS) significantly impacts OAS1 activation in the context of conformer 1 suggesting that this region forms a critical part of the OAS1-binding site required for potent OAS1 activation.
OAS1 activation depends on the nc886 apical stem-loop
To further examine the role of the nc886 apical stem-loop sequence and structure on OAS1 activation, we created three additional variants with smaller truncations of this region. Using RNA secondary structures of the WT nc886 RNA conformers previously experimentally defined using selective 2Ј-hydroxyl acylation analyzed by primer extension (SHAPE) (26), we created variants lacking loop 4 (⌬L4), loop 5 (⌬L5), or loop 5 and the adjacent helix (⌬AS2). Each of these new variants adopted a single conformation as determined by native PAGE analysis ( Fig. 4A ) suggesting loss of the capacity to form the apical stem-loop structure of conformer 1. RNA variants were also assessed by UV thermal melting analysis, and each was found to more closely resemble WT nc886 conformer 2 in RNA stability (Table 1 and Fig. 4B ). We then tested each RNA variant for its ability to activate OAS1 in vitro and found that all apical stem-loop variants failed to activate OAS1 above the level of the control lacking RNA (Fig. 4C ). SHAPE analyses were carried out for each RNA variant and compared with previously published SHAPE analyses of the WT nc886 conformers ( Fig. 4 , D-G). All the apical stem-loop variants closely resemble each other and full-length nc886 conformer 2, aside from the specifically deleted nucleotides. The results for each of these RNAs are thus distinct from full-length nc886 conformer 1, which exhibits loss of loop 5 reactivity and NMIA-independent stops on the 5Ј-side of the helix adjacent to loop 5, indicative of a stable structure and potential long-range tertiary interactions. Together, these data suggest that the specific apical stem-loop sequence and structure play a critical role in OAS1 activation by either conformer, being essential for both potent activation by conformer 1 and for the weak activation by conformer 2. 
OAS1 activation by nc886 RNA nc886 apical stem-loop structure activates the cellular OAS/ RNase L pathway through OAS1
To further probe the role of the unique apical-stem loop structure of nc886 conformer 1 in activation of the cellular OAS/RNase L pathway, we transfected human A549 cells with nc886⌬TS2 conformer 1, the smallest RNA variant that retains the unique structural motif and near WT levels of OAS1 activation, or nc886⌬L5, the largest RNA variant that exhibits complete loss of both the unique apical stem-loop structural motif and OAS1 activation in vitro. Consistent with our in vitro data, OAS1 activation by nc886 RNA nc886⌬TS2 conformer 1 triggers rRNA cleavage, whereas nc886⌬L5 fails to activate the OAS/RNase L pathway in human A549 cells (Fig. 5 ). The ability of ⌬TS2 conformer 1 to activate the OAS/RNase L pathway in human A549 cells also suggests that nc886 can act, at least in part, through OAS1 as OAS3 requires longer (Ͼ50 bp) dsRNA (11) .
Discussion
Nucleic acid sensing in innate immunity plays a critical role in the detection of viral pathogens. The precise regulation of nucleic acid sensors, such as the OAS family of enzymes, is required for both proper cell function in the absence of infection and survival of viral infection. This work demonstrates the ability of a cellular noncoding RNA, nc886, to regulate OAS through potent activation in vitro and in human A549 cells. However, the two RNA conformers adopted by nc886 induce 2-5A synthesis by OAS1 in vitro to markedly different levels. Although nc886 conformer 2 activates OAS1 only weakly, nc886 conformer 1 potently induces 2-5A synthesis in vitro and RNase L-mediated rRNA cleavage in A549 cells. This is, to our knowledge, the first identification of a cellular RNA activator of OAS and raises questions about the biological roles OAS1 may play outside of innate immunity.
The conformational identity of nc886 RNA has profound effects on both RNA-OAS1-binding affinity and OAS1 catalysis. Our kinetic analyses demonstrated a significant impact on apparent affinity with a more than 50-fold difference in K app between the two conformers. Moreover, the level of OAS1 catalysis depends on the presence or absence of the predicted tertiary structural motif in the apical stem-loop of nc886 ( Fig.  6 ). OAS1 catalysis in the presence of nc886 conformer 1 appears similar to that previously observed in vitro for defined stem-loop structures derived from the 5Ј-end of the West Nile Virus genome (34) further supporting the idea that specific RNA structural features, in addition to dsRNA, can activate OAS1. In contrast, nc886 conformer 2 has dramatically attenuated capacity to activate OAS1, and as such, kinetic analyses could not accurately determine V max . This weak catalysis, however, mirrors that observed for viral noncoding RNAs produced by Epstein-Barr virus and adenovirus (27, 35) .
The RNA features that promote OAS1 activation are currently poorly understood. Although OAS1 has been shown to require at least 18 bp of dsRNA for activation (8) , additional molecular features that define a specific RNA as a more potent OAS1 activator have been limited to the identification of a consensus sequence (36) and the 3Ј-single-stranded pyrimidine (3Ј-ssPy) motif (27) . The effect of structural features, and their context, on RNA-mediated activation of OAS1 has not yet been fully explored. In this study, we show that in the context of nc886, specific RNA structure has major functional conse- Table 1 . C, reaction progress curves from an in vitro chromogenic assay of OAS1 activity demonstrating that all variants with altered apical stem-loop structures fail to activate OAS1. The lower panel (Zoom) shows a rescaled plot of the same data to highlight the reaction curves relative to WT nc886 conformer 2 and the background control lacking RNA (dashed gray line). The data for each WT nc886 conformer are the same as shown in Fig. 1B . D, example autoradiograms of sequencing gel analysis of SHAPE probing of WT nc886. Lanes are as follows: Ϫ, mock-treated (no NMIA); ϩ, NMIA-treated; and U/G/C/A, sequencing lanes containing the complementary dideoxynucleotide triphosphate. Brackets on the right of the gel images denote the loop regions (L1-L5) in the predicted secondary structures. E, secondary structure map of WT nc886. Experimentally determined SHAPE reactivity was mapped onto the predicted apical stem-loop regions of each structure. F, example autoradiograms of sequencing gel analysis of SHAPE probing of apical stem-loop variants as described in D. G, secondary structure map of apical stem-loop variants nc886⌬L4, nc886⌬L5, and nc886⌬AS2. SHAPE reactivities for full-length nc886 conformer 1, nc886 conformer 2, and nc886⌬L5, presented here to simplify comparisons with the apical-stem variant RNAs generated in this study, were previously reported (26) . Figure 5 . nc886 conformer 1 apical stem structure is sufficient to activate the OAS/RNase L pathway in human A549 cells. Agarose gel analysis was performed of total cellular RNA extracted at 3 h post-transfection with the indicated RNA or following mock transfection (Mock). A representative gel is shown for one of three independent replicates that showed essentially identical results. rRNA degradation, based on 28S and 18S rRNA integrity, is only induced by treatment with nc886⌬TS2 conformer 1 and poly(rI⅐rC). 
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quences for OAS1 activation. Although the two conformers adopted by nc886 share the vast majority of their terminal and central stem structure, potent activation depends on a unique structural motif present in the apical stem-loop of only one conformer adopted by the RNA. Our SHAPE analysis of the WT nc886 conformers revealed that although loop 5 of nc886 conformer 2 adopts the predicted secondary structure, the same nucleotides are unreactive in nc886 conformer 1 suggesting that they take part in base-pairing or long-range interactions. SHAPE reactivity for the 5Ј-side of the adjacent helix is absent in conformer 1 as this region produces NMIA-independent stops suggesting a highly stable structure that is resistant to unfolding during the RT reaction. Because of these experimental limitations, we were unable to fully map the nucleotide flexibility in the nc886 conformer 1 apical stem-loop to define the folding of this potent activator of OAS1. Our results do, however, clearly show that formation of this structural motif requires nucleotides in loops 4 and 5 because truncations in these regions result in the loss of ability to form two conformers. Future high-resolution structural studies will be essential to shed light on the nature of this unique structural feature and how it is able to drive such potent activation of OAS1. The varying effects of different truncations on each nc886 RNA conformer suggest that multiple, nonequivalent OAS1binding sites might exist in nc886. Although deletion of the terminal stem (⌬TS and ⌬TS2) has a minimal impact on OAS1 activation by nc886 conformer 1, the same deletions abrogate the ability of nc886 conformer 2 to weakly activate OAS1. The same complete loss of OAS1 activation is also observed for ⌬CS conformer 2. However, in contrast to the terminal stem deletion RNAs, this larger truncation also strongly impacts OAS1 activation by conformer 1. This latter observation suggests that the nc886 central stem is critical for OAS1 interaction, and loss of this binding site in the context of nc886 conformer 1 prevents the correct positioning of its unique structural motif to potently drive activation of OAS1. We note that from the site of truncation at G18 to form ⌬TS2, the shortest variant with near WT level OAS1 activation, the central stem forms an ϳ18-bp duplex with the mismatched loop 3 region at its center. Binding of OAS1 to this region of nc886 could therefore reflect a similar mechanism of action to the potentiation in activity conferred to simple duplex RNAs or viral noncoding RNAs by the 3Ј-ssPy motif (27) . Interestingly, although the presence of the 3Ј-ssPy motif and the conformer 1 apical stem-loop structure both enhance OAS1 activation by VA RNA I (27) and nc886, respectively, these RNA features have opposite impacts on RNA K app . Thus, for structured RNAs, the relationship between apparent OAS1-RNA affinity and the RNA's ability to activate OAS1 appears to be complex. The loss of activity observed for all apical stem-loop mutants suggests that OAS1 requires the nc886 apical stem-loop sequence and/or structure in the context of both conformers. Although this result was expected for conformer 1, where the RNA tertiary structure in this region is responsible for OAS1 activation, it is less clear how the apical stem-loop influences the weak OAS1 activation in the context of conformer 2. The complete loss of activity in ⌬L5, compared with WT nc886 conformer 2, further points to a specific inter-action of OAS1 with loop 5 of the RNA. One possibility that warrants further exploration is that alterations of the apical stem-loop sequence may generate (or unmask) OAS1 interaction sites in nc886 that bind but fail to activate the enzyme.
nc886 is a ubiquitously expressed noncoding RNA that resides in the cytoplasm where both OAS and RNase L are found (25) . It therefore remains to be addressed how nc886 is prevented from spuriously activating the OAS/RNase L pathway and whether tuning the levels of each RNA conformer in the cell could impact OAS1 activity basally and during infection (12, 14, 15) . Recently, RNase L was shown to regulate cellular proliferation and migration revealing potential functions of the OAS/RNase L pathway outside of innate immunity (12, 14) . Whether nc886 also has a role in these cellular functions requires further study. This work has revealed the requirement for the apical stem-loop of nc886 for OAS1 activation and thus functional overlap in the RNA-protein interactions for nc886mediated regulation of both OAS and PKR (26) . These overlapping but distinct requirements for PKR and OAS1 suggest the potential for competition between the two proteins for nc886 binding or communication between these two arms of the innate immune response via nc886.
There is a growing appreciation for the diverse functions noncoding RNAs play in regulating gene expression, cellular proliferation, apoptosis, and their impacts on human diseases (37, 38) . The ability of nc886 to regulate the innate immune response through OAS1 activation hints at a potential new mechanism for cellular noncoding RNA-mediated regulation of nucleic acid sensors in response to viral infection and other cell stresses. In regard to innate immunity, several cellular RNAs have been identified as regulators of nucleic acid sensors, including but not limited to interferon-␥ mRNA, cytoskeletal mRNAs, tumor necrosis factor ␣ mRNA, and small nucleolar RNAs (19, 39 -41) . Furthermore, noncoding RNAs produced by adenovirus and Epstein-Barr virus have been shown to inhibit the function of nucleic acid sensors in innate immunity (42) (43) (44) . nc886 may represent one of many unknown cellular noncoding RNAs with the potential to impact the immune response to viral infection or other biological processes controlled by nucleic acid sensors.
Conclusions
The work presented here provides new evidence for a novel, cellular noncoding RNA activator of the cytosolic dsRNA sensor OAS1. This noncoding RNA, nc886, adopts two structurally distinct conformers that are not functionally equivalent, and we identified a putative tertiary structure, present in only one conformer of nc886, as being responsible for strongly potentiating the activity of OAS1. Collectively, our results demonstrate that OAS1 activation can be affected by specific RNA structural elements, in addition to dsRNA length or the presence of other signatures such as the 3Ј-ssPy motif (27) or an OAS1 activation consensus sequence (36, 45) . The findings reported here open the way for new studies to address the roles the nc886 -OAS1 interaction may play during and outside of viral infection.
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Experimental procedures
RNA in vitro transcription and purification
RNAs were transcribed in vitro from linearized plasmid DNA templates using T7 RNA polymerase as described previously (46) . Completed transcription reactions were dialyzed against 1ϫ TE buffer (10 mM Tris-HCl, pH 8, and 1 mM EDTA) and RNA purified by native PAGE on 0.5ϫ TBE (44.5 mM Tris-HCl, pH 8.3, 44.5 mM boric acid, and 1 mM EDTA) gels. RNA bands were identified by UV shadowing, excised from the gel, eluted by crushing and soaking in 0.3 M sodium acetate, pH 5.2, and recovered by ethanol precipitation. All RNAs were analyzed by native PAGE after purification and prior to use in assays.
OAS1 expression and purification
Human OAS1 (p41/E16 isoform) was expressed in E. coli BL21 (DE3) as an N-terminal hexa-histidine-tagged SUMO-OAS1 fusion protein (27) . Cells were grown in Lysogeny Broth at 37°C, and expression was induced with 0.1 mM isopropyl ␤-D-1-thiogalactopyranoside at mid-log phase growth (A 600 ϳ0.5). Growth was continued overnight at 20°C. Cells were lysed in 50 mM Tris-HCl buffer, pH 8, containing 150 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole, and 1 mM DTT. SUMO-OAS1 fusion protein was purified by sequential Ni 2ϩ -affinity and heparin-affinity chromatographies on an ÄKTApurifier 10 system (GE Healthcare). The fusion protein was dialyzed against 50 mM Tris-HCl buffer, pH 8, containing 150 mM NaCl, 10% (v/v) glycerol, and 2 mM DTT and cleaved with SUMO Protease 1 (LifeSensors) leaving a native OAS1 N terminus.
In vitro chromogenic assay of OAS1 activity
2-5A synthesis was monitored by detection of the reaction by-product PP i in an established chromogenic assay of OAS1 activity (27) . OAS1 (300 nM) was incubated at 37°C with 20 g/ml poly(rI⅐rC) or 300 nM WT or variant nc886 RNA in 20 mM Tris-HCl buffer, pH 7.4, containing 7 mM MgCl 2 , 1 mM DTT, and 1.5 mM ATP. Aliquots (10 l) were removed at time points between 0 and 120 min and quenched with 2.5 l of 250 mM EDTA pre-dispensed into the wells of a 96-well plate. At completion of the time course, 10 l of 2.5% ammonium molybdate in 2.5 M H 2 SO 4 , 10 l of 0.5 M ␤-mercaptoethanol, and water to 100 l total volume were added to each well. Absorbance at 580 nm was measured using a Synergy4 plate reader (BioTek), and readings were converted to PP i produced by comparison with PP i standards after background subtraction from a blank reaction. For comparisons of OAS1 initial rate of reaction driven by nc886 variants truncated at the terminal stem (⌬TS and ⌬TS2), central stem (⌬CS), or the apical stemloop structure (⌬AS), statistical analysis was by one-way ANOVA with significance assessed by Dunnett's multiple comparisons test in GraphPad Prism 6.
Complete kinetic analyses were performed similarly but using RNA concentrations in the range of 0.01-1 M (nc886 conformer 1) or 0.1-3 M (nc886 conformer 2) and measuring PP i production over the initial 10 -20 min of the reaction. Linear regression analysis with GraphPad Prism 6 was used to obtain the nanomoles of PP i produced per min at each RNA concentration and the resulting data fit using nonlinear regression analysis with the Michaelis-Menten model in GraphPad Prism 6 to obtain OAS1 V max and RNA K app values. At least two independent experiments with different preparations of protein and RNA were used for each RNA variant.
OAS/RNase L activation in A549 cells
Human WT and RNase L knockout A549 cells, constructed using CRISPR-Cas9 gene editing technology, as reported previously (47) , were cultured in F-12K medium (Gibco/Invitrogen) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin. Both cell lines tested negative for mycoplasma. For analysis of OAS/RNase L pathway activation, cells (0.3 ϫ 10 6 ) were seeded into six-well plates in media lacking antibiotics and after 24 h were transfected with 1 g/ml nc886 conformer 1, nc886 conformer 2, or poly(rI⅐rC), or equimolar concentrations of the VA RNA I TS⌬21, nc886 ⌬TS2 conformer 1, or nc886 ⌬L5 variants, using Lipofectamine 2000 reagent (Invitrogen) for 3 h. Cells were harvested in 350 l of RLT lysis buffer (Qiagen), and the total RNA was extracted using an RNeasy kit (Qiagen). Total RNA was resolved on 1.5% agarose gels and stained with ethidium bromide to determine integrity of 28S and 18S rRNA. Three independent experiments were performed with essentially identical results.
RNA UV thermal melting analysis
RNA UV melting curves were collected at 260 and 280 nm on a Cary400 UV-visible spectrophotometer (Varian). Samples contained 20 -25 g of RNA in either 0.5ϫ TBE buffer or 20 mM HEPES buffer, pH 7.5, containing 100 mM NaCl. After normalization, the first derivative of each UV absorbance curve ("melting profile") was calculated for each RNA in GraphPad Prism 6 software to simplify comparisons between RNA variants. The melting temperature (T m ) values (Table 1) correspond to the peaks of the melting profile and were reproducible Ϯ0.5°C in independent experiments.
SHAPE
SHAPE RNA probing with NMIA was carried out as described previously (26, 48) with the following modifications: reactions were initiated with 1 l of 130 mM NMIA and run for 45 min at 37°C. Reverse transcription was carried out with a 5Ј-end 32 P-labeled DNA primer corresponding to the sequence of the 3Ј-end of full-length nc886 RNA (nucleotides 84 -101). For full-length nc886 conformer 1 only, a second primer corresponding to an internal sequence (nucleotides 36 -54) was also used for analysis of the 5Ј-half of the RNA. To determine the position of each SHAPE reactive nucleotide, dideoxynucleotide triphosphate (ddNTP) sequencing was carried out using the radiolabeled primer and untreated RNA. All reactions were resolved on denaturing (urea) sequencing-style polyacrylamide gels, dried, and exposed to a phosphor storage screen. The intensity of bands was analyzed on a Typhoon Trio Imager (GE Healthcare) and quantified using ImageQuant software (GE Healthcare). Following subtraction of background corresponding to reactions without NMIA, reactivity at each nucleotide was normalized, and the values from at least two repli-OAS1 activation by nc886 RNA cates were averaged and classified as low (5.5-11%), medium (11-22%), and high (Ͼ22%) (48) . Previously reported SHAPE reactivities for full-length nc886 conformer 1, nc886 conformer 2, and nc886⌬L5 (26) are presented here to simplify comparisons with the apical-stem variant RNAs generated in this study. 
